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MASKS FOR LITHOGRAPHIC PATTERNING USING OFF-AXIS ILLUMINATION 



FIELD OF THE INVENTION 

The present invention relates to the field of photolithography, and 
5 specifically to off-axis illumination photolithography. 



BACKGROUND OF THE INVENTION 

Photolithography is a well known process for transferring geometric 
shapes present on a mask onto the surface of a silicon wafer. In the field of IC 
lithographic processing a photosensitive polymer film called photoresist is 

10 normally applied to a silicon substrate wafer and then allowed to dry. An 
exposure tool is utilized to expose the wafer with the proper geometrical 
patterns through a mask by means of a source of light or radiation. After 
exposure, the wafer is treated to develop the mask images transferred to the 
photosensitive material. These masking patterns are then used to create the 

15 device features of the circuit. 

One important limiting characteristic of any exposure tool is its 
resolution limit. The resolution limit for an exposure tool is defined as the 
minimum feature that the exposure tool can repeatedly expose onto the wafer. 
Currently, the resolution limit for most advanced optical exposure tools is 
20 around 0.4 micron, i.e., close to the smallest dimension (referred to as the 
critical dimension or CD) for many current IC layout designs. As a result, 
the resolution of the exposure tool may influence the final size and density of 
the IC circuit. 

Another important characteristic of an exposure tool is its depth of focus 
25 (DOF). The DOF of an exposure tool is defined as the range in which the 
aerial image (of a near resolution sized feature) will stay in focus. In a 
lithographical process in which an image is transferred into a resist layer, a 
minimum DOF is required. This minimum DOF ensures that the image 
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remains sufficiently in focus throughout the resist layer. Thus, the minimum 
DOF range is typically greater than or equal to the thickness of the resist layer. 

The DOF of an exposure tool determines the "usable resolution" setting 
of the exposure tool. For instance, if an exposure tool is able to resolve 0.4 
5 micron features but has a DOF range less than the range needed to clearly 
focus this feature through-out the resist layer, then the 0.4 micron resolution 
setting cannot be utilized. As can be seen, if the range of DOF of an exposure 
tool can be extended, the "usable" resolution limit may be decreased and 
smaller images may be printed. 

10 A simplified diagram of a conventional exposure tool is shown in Figure 

1 . As can be seen light source 200 projects light waves 208 through opening 
202 in aperture stop 201. Opening 202 is commonly referred to as the pupil of 
the aperture stop. Condenser lense 205 collects the light from pupil 202 and 
focuses it on mask 206 such that the mask is evenly illuminated. When 

15 illuminating beam 203 passes through mask 206, imaging beam 209 is 

generated. Imaging beam 209 is projected through lense 207 such that the 
image of the pattern on the mask is focused onto the silicon wafer. 

As can be seen in Figure 1 , pupil 202 is situated in the center of 
aperture stop 201. Because of this, illuminating beam 203 is projected along 

20 the optical axis (dashed line 204) from pupil 202 to condenser lense 205 and 
mask 206. This type of illumination method is called "On-axis illumination" - 
the name implying that the illumination beam is "on" the optical axis. Figure 3 
shows a planer view of an on-axis illuminator aperture stop 201. As is seen in 
Figure 3, an on-axis aperture stop characteristically has the pupil opening 

25 disposed in the center. 

In an attempt to reduce device sizes, the semiconductor industry is 
currently investigating a new way to reduce the "usable" resolution of the 
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exposure tool by extending its associated DOF range. Recently, it has been 
noted that the DOF range of an exposure tool can be extended by changing the 
manner in which the mask pattern is illuminated. Specifically, it has been 
found that by projecting the illuminating beam at an angle other than that of the 
5 optical axis, the DOF of an exposure tool may be extended. This type of 
illumination technique is referred to as off-axis illumination. 

Figure 2 illustrates a simplified diagram of an exposure tool that 
provides off-axis illumination. Light source 200 projects light waves 208 to 
aperture stop 201'. As can be seen, unlike aperture stop 201 (Figure 1), 
10 aperture stop 20 V has two off-centered pupil openings. The modified aperture 
stop causes illuminating beam 203 to be projected from condenser lense 205 to 
mask 206 at an angle other than optical axis 204. 



Figures 4 and 5 show planer views of two preferred types of off-axis 
aperture stops. Figure 4 shows an aperture stop that provides one type of 
15 quadrapole illumination and the aperture stop shown in Figure 5 provides an 
annular type of illumination. 

As the size of integrated circuit layout designs are reduced, the critical 
dimension of the layout design frequently approaches the resolution limit of the 
exposure tool. In both on-axis and off-axis illumination exposure tools, when 
20 this occurs, inconsistencies between masked and actual layout patterns 

developed in the photoresist become significant. These inconsistencies occur 
due to various affects. 

One primary affect that has drawn significant attention in the field of 
lithography is referred to as proximity effects. Proximity effects occur when 
25 adjacent features interact with one another in such a way to produce pattern- 
dependent variations. For example, lines designed to have the same dimension, 
but which are placed in different proximity to other features in a layout 
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(isolated vs. densely packed), will not have the same dimensions after being 
developed. Thus, a group of densely packed lines tends to transfer differently 
when compared with an isolated line. Obviously, significant problems can arise 
in an IC when line widths are not consistently reproduced. 

5 Another prevalent problem that occurs when CDs approach the 

resolution limit of an exposure tool is seen when printing a mask having both 
square and rectangular contacts. This type of mask characteristically has many 
variably sized, openings surrounded by large opaque areas. Inconsistencies in 
CDs between large and small contact openings developed into the resist layer 

10 occurs because each different sized contact has a different exposure energy 
requirement. In other words, the optimal energy setting for a large contact is 
much less than the optimal energy setting for a smaller contact. However, 
since only one energy setting can be utilized to expose a single mask, only one 
contact type is optimally transferred. The other contact type will be either over 

15 or under exposed. 

Numerous solutions are available to compensate for both proximity 
effect problems and inconsistencies in contact Cds. One solution to the 
proximity effect problem is described in U.S. Patent No. 5,242,770 assigned to 
the assignee of the present invention. This patent describes an improved mask 
20 comprising additional unresolvable lines that adjust the edge intensity gradient 
of isolated edges in the mask pattern. The isolated edge gradients are adjusted 
to match the edge intensity gradients for densely packed edges. As a result, 
isolated and densely packed features transfer similarly and proximity effects are 
significantly reduced. 

25 Further, a solution to reduce CD inconsistencies in contacts is disclosed 

in U.S. Patent No. 5,256,505 assigned to the assignee of the present invention. 
In U.S. Patent No. 5,256,505, energy levels of large and small contacts are 
matched by adding lines of opposite transparency within the larger features in 
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the mask pattern to dim their energy intensity levels. As a result, energy 
requirements are matched for both large and small contacts and both types of 
features transfer within acceptable CD range of one another. 

Although U.S. Patent No. 5,242,770 solves proximity problems in on- 
5 axis murnination exposure tools, it is not fully effective in reducing these 

problems when off-axis iUumination is utilized. One reason for this is because 
off-axis murnination significantly increases the DOF range of densely packed 
features but provides little DOF improvement for isolated lines. As a result, in 
some ways off-axis murnination has made the proximity problem even tougher 
10 to manage due to this DOF difference. 

Similarly, although U.S. Patent No. 5,256,505 provides a way of 
printing large and small contacts in a single mask having consistent Cos, it does 
not exploit the increased DOF ranges offered by off-axis murnination in larger 
contacts. 



15 In conclusion, although off-axis murnination has its drawbacks, it is 

generally agreed in the semiconductor industry that this type of illuniination can 
effectively be applied to extend "usable" resolution by extending DOF ranges, 
if the proximity and DOF differences between isolated and packed features are 
mimmized and contact transference problems are addressed. What is needed is 

20 a means to take advantage of the increased DOF offered by off-axis 

Ulumination while also providing a means to handle proximity and contact 
problems. 

SUMMARY OF TRF. INVENTION 
In a lithographical apparatus utilizing off-axis type murnination, a 
25 method and mask for transferring features from a mask to a semiconductor 
substrate is described. 
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Off-axis illumination increases the DOF range of packed features but not 
isolated features. The benefits of increased DOF may not be exploited until the 
DOF range of the isolated features are also increased. The improved mask of 
the present invention increases the DOF range of isolated features while also 
5 reducing isolated/packed feature proximity effect problems. Increasing the 
DOF range of the isolated features so that they approach that of the packed 
features, allows for reduced resolution settings of the exposure tool. 



Proximity effect problems and DOF differences between packed and 
isolated features are reduced by disposing additional lines, referred to as 
10 scattering bars, adjacent to isolated feature edges in the mask. The scattering 
bars are the same transparency as the original feature and have dimensions less 
than the resolution of the exposure tool. Because the scattering bars are smaller 
than the resolution of the exposure tool, they do not transfer onto the resist 

layer. 

15 Optimal proximity and DOF adjustment of the isolated feature is 

dependent on the width of the scattering bar and the distance that the bar is 
disposed from the isolated feature edge. The distance between the bar and the 
isolated edge causes the edge gradients of the isolated edge to match the edge 
gradient of densely packed edges. This significantly reduces proximity effects 

20 between isolated and densely packed features. The width of the bar directly 
affects the DOF range of the isolated feature. By selecting optimal bar width 
and bar separation from isolated feature edges, proximity effects are decreased 
and the DOF range of the isolated feature is adjusted to match the DOF range 
of the densely packed feature. 

25 In one embodiment of the present invention in which quadrapole 

illumination is utilized, scattering bars are placed a distance approximately 
equal to 0.90 x (critical dimension) and the bar width is approximately equal to 
one third of the critical dimension. 
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One method of designing the scattering bars of the present invention is 
to first select an optimal separation distance between the scattering bar and the 
isolated edge. Then, optimal width of the scattering bar is selected while 
utilizing the selected optimum separation. In this way the scattering bar is 
5 primarily designed to reduce proximity effects and secondarily adjusted to 
provide maximum DOF improvements. 

The present invention also addresses problems associated with masks 
having variously sized contacts. This is achieved by adding features, referred 
to as anti-scattering bars, around the smaller contact features in the mask 

10 pattern. The anti-scattering bars have a dual affect. First, they "boost" the 
intensity levels of the smaller contacts so that they match the intensity levels of 
the larger contacts. By doing this the nominal exposure requirements for large 
and small contacts are matched. Secondly, increasing the energy intensity level 
of a feature, increases its DOF. Thus, the DOF range of the small contact is 

15 increased so that it matches the DOF range of the larger contact opening. As a 
result, the overall DOF range for all of the features in the contact mask is 
increased. 

In one embodiment in which quadrapole illumination is utilized the 
width of the anti-scattering bars is approximately equal to 30% - 50% x 
20 (critical dimension). The separation of the anti-scattering bars is 
approximately equal to 0.90 x (critical dimension). 

One method of designing the anti-scattering bars of the present invention 
is to first select an optimal distance between the anti-scattering bar and the 
smaller contact and then select the optimal width of the anti-scattering bar while 
25 utilizing the selected optimum separation. In this way, the anti-scattering bar is 
primarily designed to match intensity levels and secondarily adjusted to provide 
maximum DOF improvements. 
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The present invention is also applicable to all forms of photolithographic 
processes such as optical lithography, laser based deep UV lithography, 
non-laser based deep UV lithography, etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 
5 Figure 1 illustrates a simplified exposure tool having on-axis 

illumination. 

Figure 2 illustrates an exposure tool having off-axis illumination. 

Figure 3 shows the planer view of an aperture stop utilized to provide 
on-axis illumination. 

* 

10 Figure 4 shows the planer view of one type of aperture stop that 

provides quadrapole illumination. 

Figure 5 shows the planer view of one type of aperture stop that 
provides annular illumination. 

Figures 6A - 6E illustrate examples of isolated and densely packed 
15 mask pattern features with and without the scattering bars of the present 
invention. 

Figures 7A and 7B show the measurement locations of resist 
cross-sections. 

Figure 8 shows a mask pattern having square and rectangular features 
20 with and without the anti-scattering bars of the present invention. 

DETAILED DESCRIPTION 



WO 95/22085 PCT/US95/01735 



-9- 

In the following description, a mask and method for transferring features 
while utilizing off-axis illumination is described. Numerous specific details are 
set forth, such as intensity level settings, exposure tool resolution setting, etc;, 
in order to provide a thorough understanding of the present invention. It will 
be obvious, however, to one skilled in the art that these specific details need 
not be employed to practice the present invention. In other instances, 
well-known structures have not been shown in detail in order to avoid 
unnecessarily obscuring the present invention. 



Off-axis illumination is a method recently utilized to increase DOF of 
features when transferring them in a lithographic process. Two types of off- 
axis illumination are currently preferred; quadrapole illumination and annular 
illumination.' However, the quadrapole illuminator is more effective than any 
other means of off-axis illumination - providing as much as 200% improvement 
in DOF. Some examples of aperture stops designed to supply these types of 
illumination methods are shown in Figures 4 and 5. As can be seen in Figures 
4 and 5, the quadrapole-type aperture (Figure 4) is characterized by four pupil 
openings each situated in different quadrants and the annular-type aperture 
(Figure 5) is shown having an annular shaped opening about the center of the 
aperture. 

20 Annular and quadrapole illuminators suffer from many of the same 

problems: proximity effects between isolated and packed features, DOF 
differences in isolated and densely packed features, CD and DOF differences in 
variously sized contacts. The present invention discloses two improved masks 
and masking methods. The first improved mask and method reduces DOF 

25 differences and proximity effect problems between isolated and densely packed 
features. The second improved mask and masking method reduces DOF 
differences and differences between energy requirements between large and 
small contacts. In this way, the benefits of off-axis illumination may be 



10 



15 
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realized. These two masking methods and masks make off-axis illumination a 
viable lithographical technique. 

Proximity Correction and DOF Adjustment of Isolated 

and Densely Packed Features 

5 Figures 6A - 6C show examples of features having isolated and densely 

packed edges. All of the features shown in Figures 6 A - 6C have widths that 
are equal to the CD of the circuit design. In addition, the CDs are close to the 
resolution limit of the exposure tool. The densely packed lines shown in 
Figures 6B and 6C are spaced approximately a distance equal to the CD of the 
10 circuit design. Figure 6 A illustrates feature A having two isolated edges 211, 
Figure 6B shows feature B having an isolated edge 21 1 and a densely packed 
edge 212, and Figure 6C shows feature C having two densely packed edges 
212. 

As described above, proximity effects occur because densely packed 
15 edges interact such that the original mask CDs and the final resist CDs for 

densely packed and isolated features are not the same. As a result, features A, 
B, and C transfer to a resist layer with different CD dimensions, (when CDs 
approach the resolution limit of the exposure tool). This is true in off-axis or 
on-axis illumination. 



20 U.S. Patent No. 5,242,770 teaches a mask that matches the intensity 

gradients of isolated and packed edges of features to reduce proximity effects. 
. However, this improved mask is not effective in reducing DOF differences that 
occur in off-axis illumination and is not completely effective in reducing 
proximity effects. Thus, the improved mask disclosed in U.S. Patent No. . 

25 5,242,770 cannot be directly applied to a lithographical process utilizing 
off-axis illumination. 
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The present invention is an improved masking technique disclosed in 
that reduces proximity effects in off-axis illumination while extending the DOF 

range for isolated features. Accordingly, the present invention adjusts the 

« 

width of the scattering bars of the present invention and their separation from 
5 isolated edges so that both proximity effects are reduced and the overall DOF 
range for the imaging tool is increased in off-axis illumination. 

Figures 6D and 6E show the scattering bars of the present invention. 
Figure 6D shows feature D with scattering bar 213 disposed adjacent to all 
isolated edges. Figure 6E shows a set of densely packed features having 

scattering bar 214 disposed similarly. As illustrated, Figure 6D corresponds to 

»* 

Figure 6A and Figure 6E corresponds to Figures 6C and 6B. 

« 

The scattering bars of the present invention are characterized by two 
parameters; their width and their separation from isolated edges of features. It 
has been empirically determined that the separation of the scattering bars 
influences proximity effects exhibited during pattern transference whereas the 
width of the bars affects the DOF range of the isolated features when off- axis 
illumination is utilized. Generally, the proximity effect issue is considered 
more crucial than providing increased DOF. Consequently, optimum scattering 
bar separation is determined first. Once the best separation is determined, the 
width can be adjusted such that the DOF range for isolated features is 
increased. 

Optimum separation for scattering bars is determined empirically by 
repeatedly exposing the pattern shown in Figure 6D while changing the 
separation of the scattering bar for each exposure and keeping the width of the 
25 bar constant. The width of the scattering bar employed is 0.10 micron thick and 
the CD utilized for feature D is 0.4 microns. The patterns are exposed on a 
1.06 micron thick OCG 895i photoresist layer by an ASM 550/60 stepper 
exposure tool. 



10 



15 



20 
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By performing the procedure above at separations of 0.32, 0.36, 0.40, 
0.44, and 0.48 microns for both quadrapole and annular illumination, it is 
determined that the optimum scattering bar separation is 0.36 microns. In other 
words, a 0. 10 micron scattering bar disposed a distance of 0.36 microns 
5 ensures that transferred CDs for isolated and packed features are substantially 
the same. 

The affects of disposing a scattering bar 0.36 microns from all isolated 
edges is seen in Table 1. Table 1 gives the CD measurements of developed 
resist patterns for isolated feature A (Figure 6A), densely packed feature C 

10 (Figure 6C), and isolated feature D (Figure 6D) having scattering bar 213 

disposed 0.36 microns from feature D's isolated edges. Table 1 also shows the 
CD measurements of partially isolated feature B (Figure 6B) and partially 
isolated feature E (Figure 6E) having scattering bar 214 disposed 0.36 microns 
from feature E's isolated edge. Ideally, the CDs of feature D and partially 

15 isolated feature E should be close to the CD for densely packed feature C. 



Feature Type 


A 


B 


C 


D 


E 


Exposure Used (mJs) 


135 


145 


155 


150 


150 


CD @ Top (microns) 


0.277 


0.270 


0.262 


0.259 


0.259 


CD @ Bottom 
(microns) 


0.399 


0.403 


0.385 


0.379 


0.390 


% Nominal Exposure 
Difference to feature C 
Exposure Energy 


12.9% 


6.5% 
TABLE 1 


0.% 


3.2% 


3.2% 



20 



25 All CD measurements are taken at location 210 shown in Figures 6A, 

6C, and 6D. Figure 7 A illustrates an enlarged cross-section of location 210. 
As can be seen, one CD measurement is taken near the top of the cross-section, 
i.e., at 90% of the cross-section total height, and another CD measurement is 
taken near the bottom of the cross-section, i.e., at 10% of the total 
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cross-section height. It should be noted that the bottom CD measurement is 
considered more critical than the top. The top CD measurement only serves as 
a reference for each resist pattern measured. Normally, a good resist pattern 
must be measurable at both sites - - top and bottom. If the top CD reading 
5 becomes unobtainable, the resist pattern is either out of focus or inadequate 
exposure energy was applied. 

Exposure energies in Table 1 are chosen so as to obtain as close to (i.e. , 
within 5%) a 0.40 micron CD measurement as possible. As can be seen in 
Table 1, the exposure energy required to obtain a 0.385 bottom CD 

10 measurement for densely packed feature C (the reference feature) is 155 milli 
Joules (mJs). However, isolated feature A requires 135 mJs to achieve a 
bottom CD measurement of 0.399 micron. This indicates a 12.9% difference 
between the required energy for features A and C. Similarly, partially isolated 
feature B requires 145 mJs to obtain a 0.403 bottom CD measurement - 

15 resulting in a 6.5% difference in energy requirement between features B and C. 
This means that if feature A and features C or B are in the same mask pattern 
exposed to a single energy level, the CDs for the features would be 
inconsistent. 

On the other hand, the energy requirements for scattered features D and 
20 E are much closer to that of feature C. Referring to Table 1, 150 mJs is 
required to obtain bottom CD measurements of 0.379 and 0.390 microns for 
features D and E, respectively. As can be seen, the energy requirements for 
the features having scattering bars disposed 0.36 microns from isolated edges 
are only 3.2% different than the reference features energy requirement when 
25 quadrapole illumination is utilized. Consequently, if features C, D, and E are 
in the same mask pattern, they will transfer to the resist layer having 
substantially the same CD measurements for the same energy setting. Thus, 
CD uniformity is substantially achieved. 
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Accordingly, in one embodiment of the present invention the optimum 
separation of the scattering bar is preferably set to 90% of the CD (where the 
CD is near the resolution limit of an exposure tool utilizing off-axis 
illumination). In other words, for an exposure tool having a 0.40 micron 
5 resolution limit, the optimum separation limit is 0.36 microns; for an exposure 
tool having a 0.50 micron resolution limit, the optimum separation limit is 0.45 
microns. Similar empirical determinations indicate the same findings above to 
be true for annular-type illumination. 

Once the optimum separation is determined, the width is selected. In 
10 this way, the scattering bars are primarily optimized for reducing proximity 
effects and secondarily optimized for obtaining increased DOF range. The 
width of the scattering bar strongly affects the DOF of the feature. The 
optimum width of the scattering bar is determined in a similar manner as the 
optimum separation. Specifically, the pattern shown in Figure 6D is repeatedly 
15 exposed, while changing the width of the scattering bar for each exposure and 
keeping the separation of the bar constant. The selected separation of the 
scattering bar is set at the predetermined optimal setting determined above, i.e., 
0.36 microns. The CD utilized for feature D is 0.4 microns. The patterns are 
exposed on a 1.06 micron thick OCG 895i photoresist layer by an ASM 550/60 
20 stepper exposure tool. 

Scattering bar widths of 0.08, 0.10, 0.15, and 0.20 microns are 
attempted for both quadrapole and annular illumination methods. Scattering 
bars any wider than 0.20 microns may become resolvable when utilizing an 
exposure tool having a 0.40 micron resolution limit. Thus, no scattering bar 
25 wider than 0.20 microns is attempted. 
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Table 2 



25 Table 2 shows the measured CDs (@ different defocus settings) for 

features A, C and D with scattering bar widths ranging from 0.08 microns to 
0.20 microns. The defocus setting indicates the actual direction and distance 
that the focus is set away from the ideal focus. As an example, a + 0.50 
micron defocus setting means that the focus is 0.50 micron off the ideal center 

30 of focus. The " + " sign shows that the focus has been adjusted toward the 

resist layer. A "-" sign indicates that the focus has been moved in the opposite 
direction. By pre-setting the focus during exposure in this controlled fashion, 
the resultant CDs can be accessed to indicate DOF performance. This is a 
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typical method used in the industry for evaluating DOF performance of the 
exposure tool. 

CDs are taken at the same location as described in conjunction with 
Figure 7A. The criteria for an acceptable bottom CD is +/-10% of the target 

5 CD. The top CD is preferably at least larger than one-third of the target CD. 
CD measurements are given only for those in an acceptable range. As an 
example, the CD measurement for feature C at a defocus of -1.50 microns was 
not in an acceptable range so no CD measurement is given. The DOF range is 
estimated to include all the defocus settings that have rendered acceptable 

10 dimensional results. For instance, the DOF range for isolated feature A is from 
-1.00 to +0.50; a 1.50 micron DOF range. However, the DOF for dense 
feature C ranges from -2.50 to +2.00, representing a 4.5 micron range. 

A comparison of the DOF ranges for the isolated feature A and densely 
packed feature C illustrates how off-axis illumination increases the DOF range 
15 for densely packed features but does not provide any increased DOF for 

isolated features. As can be seen, the DOF range of the packed feature (4.5 
microns) is more than two times the DOF range of the isolated feature (1.5 
microns). 

Table 2 also illustrates that varying the width of feature D's scattering 
20 bar affects its DOF range. Referring to Table 2, the 0.08 micron and 0.10 
micron scattering bars render DOF ranges that are the same as the isolated 
feature's DOF range (feature A); i.e., 1.50 microns. However, feature D with 
a scattering bar width of 0. 15 microns has a slightly increased DOF range; i.e., 
2.00 microns. The 0.20 microns scattering bar gives the most improvement in 
25 the DOF range of feature D. It ranges from -1.50 to +1.00 microns (a DOF 
range of 2.50 microns); this is a 1 micron increase in DOF as compared to 
isolated feature A. An increase of a 1 micron DOF can significantly expand 
the processing window. 
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Accordingly, from the above determinations, in one embodiment of the 
present invention optimum separation of a scattering bar from a feature edge is 
90% of the CD of the circuit design with a width approximately equal to 0.20 
microns. 



5 As can be seen, the placement of the scattering bar is scalable the 

specific circuit design depending on their associated CDs - making the 
scattering bar masking technique of the present invention easily implemented. 

For example, the scattering bar placement for a 0.40 micron CD circuit 
design is 0.36 microns whereas the optimum separation for a 0;50 micron 
10 circuit design is 0.45 microns. 

It should be noted that a separation equal to 90% of the CD and a width 
equal to 0.20 microns is optimal for off-axis type illumination. In contrast, the 
separation and width prescribed by U.S. Patent No. 5,242,770 selects a 
separation equal to 1.1 times the CD measurement with a width equal to 1/5 of 
15 the CD measurement. 

Table 3 gives CD measurements at various defocus settings for: 1) 
feature D having scattering bar spacing and width as disclosed by the present 
invention (width = 0.20 microns and spacing = 0.36 microns); and 2) feature 
D having scattering bar spacing and width as prescribed by U.S. Patent No. 
20 5,242,770 (width = 0.08 microns and spacing = 0.44 microns). Quadrapole 
type illumination is used with the same process conditions as described above in 
association with Table 2. 
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Table 3 



20 



Table 3 indicates that the DOF range for feature D having a scattering 
bar spacing and width as recommended in U.S. Patent No. 5,242,770 is only 
1.5 microns (-1.0 microns to 0.50 microns). This is the same DOF range for 
isolated feature A. Clearly, the scattering bars in U.S. Patent No. 5,242,770 
do not effect the DOF range of a feature at all in off-axis Mumination. 



25 



In contrast, the DOF range for feature D having scattering bars with the 
present invention's spacing and width is 2.50 microns (-1.50 microns to 1.00 
microns) - an increase of 1.0 microns in DOF range from both the isolated case 
and the case in which spacing and separation are set to the criteria disclosed in 
U.S. Patent No. 5,242,770. 



Thus the present invention provides a masking method for transferring 
isolated and packed features with off-axis fflumination that 1) reduces proximity 
effects and 2) decreasing the "usable" resolution limit of the exposure tool by 
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increasing the DOF range for isolated features such that it approaches the DOF 
range of packed features. The masking technique includes providing 
non-resolvable lines adjacent to isolated edges. The lines have a separation that 
ensures the reduction of proximity effects and have a width that increases the 
5 DOF of isolated features. 

DOF and Intensity Matching of Variably Sized Contacts 
Another phenomena that is attributed to off-axis illumination is the 

dependence of DOF on contact size in the case where contact sizes approach the 

resolution limit of the exposure tool. 

10 In off-axis and on-axis illumination it is noted that the intensity level for 

smaller contacts is often limited due to diffraction effects. As a result, the 
energy intensity level measured on the resist layer of the larger contact is much 
greater than the energy intensity level measured on the resist layer for the 
smaller contact for the same given exposure energy setting. This means that 

15 the nominal exposure energy setting for the larger contact is different than the 
nominal energy level setting of the smaller contact. Consequently, in a mask 
having both small and large contacts, one will transfer optimally and the other 
will not. 

To overcome this problem, U.S. Patent No. 5,256,505 provides a 
20 masking technique that "damps" the intensity level of the larger contact by 
adding opposite transparency non-resolvable lines within the larger contact 
feature. As a result, the larger contact's nominal energy requirement becomes 
the same as the energy requirement for the smaller contact. This solution can 
work for both off and on-axis illumination. However, in off-axis illumination it 
25 has been determined that higher peak intensity levels yield better DOF ranges. 
Consequently, damping intensity levels (as is done in U.S. Patent No. 
5,256,505) restricts the potential increase in DOF benefits offered by off-axis 
illumination. The present invention offers a solution that increases intensity 
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levels for the smaller contacts. In this way, optimal DOF ranges are achieved 
for off-axis illumination. 

Figure 8 shows three typical contacts; square contact A, elongated 
contact B, and enlarge contact C. The sides of contact A are all approximately 
5 the same as the circuit design CD. Similarly, the width of contact B is 
approximately the same as the critical dimension of the circuit. 



Figure 8 also shows contacts D and E each having an anti-scattering bar 
of the present invention. The anti-scattering bar has the same transparency as 
the contact, i.e., they both allow light to go through them during exposure. 

10 The anti-scattering bar performs the function of increasing the intensity level of 
the smaller contact such that it matches that of the larger contact. As a result, 
feature D will have substantially the same energy requirements as feature B. 
Similarly, feature E will have substantially the same energy requirements as 
feature C. As with the scattering bars of the present invention, the anti- 

15 scattering bars are designed to have widths that are non-resolvable. 

It should be noted that while the anti-scattering bars have the effect of 
increasing the intensity levels of contacts when quadrapole type of illumination 
is utilized, anti-scattering bars have a minimal affect on intensity levels when 
utilized with on-axis or annular type illumination. Thus, the present invention's 
20 anti-scattering bar improvement is most effective with quadrapole illumination. 

Determination of optimal width and separation of the anti-scattering bars 
of the present invention are empirically determined in a similar manner as 
described above. The optimum separation for the anti-scattering bar of the 
present invention is 0.36 microns and the optimum width is 0.15 - 0.10 
25 microns. 
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Table 4 gives CD measurements and associated nominal energy 
requirements for square contact A, rectangular contact B, and square contact C 
with anti-scattering bar 215 having a width of 0.15 microns and a separation of 
0.36 microns. The exposure energy is selected so that CDs within 5% of 0.40 
5 microns are obtainable. 



Feature Type 
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B 
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240 


160 


170 


0.537 


0.521 


0.507 


0.386 


0.402 


0.382 


50% 


0% 


6.2% 



Exposure Used (mJs) 

CD @ Top (microns) 
CD @ Bottom (microns) 

10 % Nominal Exposure 
Difference to Feature B 
Exposure Energy 



Table 4 



15 . Top and bottom CD measurements are taken as shown in Figure 7B 



It should be noted that contact mask patterns form "trench" or "hole" 
cross-sections as shown in Figure 7B in the resist layer. As a result, the 
bottom CD becomes more critical than the top one because the bottom CD 
determines the size of the contact opening. Top CDs are utilized to indicate the 
20 quality of contact cross-sections. As illustrated in Figure 7B, the top CD is 
taken at 90% of the total cross-section height and the bottom CD is taken at 
10% of the total cross-section height. 

Table 4 shows that the energy requirement for square contact (feature A) 
is 240 mJs to obtain and top CD of 0.537 and a bottom CD of 0.386 mJs. In 
25 comparison, rectangular contact (feature B) requires 160 mJs to achieve a top 
CD equal to 0.521 microns and a bottom CD of 0.402 microns - representing a 
50% difference in energy requirements between the non-scattered square 
(feature A) and rectangular contact (feature B). However, the energy 
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requirement for square contact D with anti-scattering bar 215, is 170 mJs to 
obtain top CD measurements of 0.507 microns and bottom CD measurements 
of 0.382 microns. This represents only a 6.2% difference in energy between 
the rectangular contact and a square contact having an anti-scattering bar. This 
indicates that similar CDs are obtainable in a mask containing both of features 
D and B. 



10 



In a photolithography process that utilizes any illumination technique, 
increasing the intensity of a contact also increases its DOF. This is illustrated 
in Table 5. Table 5 compares the DOF range for non-scattered square contact 
A, rectangular contact B, and square contact D with an anti-scattering bar 
having a 0.36 micron separation and a 0.15 micron width. Exposure energies 
are chosen so that CD measurements are within 5% of 0.40 microns. 
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Table 5 

Table 5 indicates that the DOF range for square contact A is 0.30 
microns (0.0 microns to -0.30 microns). Therefore, contact A requires a much 
heavier exposure energy (240 mJs) to compensate for such a short DOF range. 
If contact A is developed with the same exposure energy as contact B, 160 mJs, 
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contact A will not fully develop. In contrast, the DOF range of rectangular 
contact B is 1.30 microns (0.30 microns to -1.00 microns) - significantly larger 
than that of the square contact. The DOF range of square contact D with 
anti-scattering bar 215 (at approximately the same exposure energy as contact 
5 B) is 1.10 microns (0.30 microns to -0.80 microns) - slightly less than the 
rectangular contact. As can be seen, the square contact with the scattering bar 
develops significantly more like the rectangular contact than the square contact 
without the scattering bar. 

Accordingly, in one embodiment of the present invention, anti- 

10 scattering bars are spaced a distance equal to 90% of the circuit design CD 

.» 

from contact openings. The width of the scattering bar is equal to 30% - 50% 
of the CD. For example, for a circuit design having a CD equal to 0.40 
microns, the width of the scattering bar is approximately equal to 0.15 microns, 
and the spacing is equal to 0.36 microns. 

15 it should be noted that adding anti-scattering bars to masks while 

utilizing on-axis or annular illumination does not yield the same results. 
Specifically, the anti-scattering bars of the present invention significantly 
increase intensity levels only when utilized with quadrapole illumination. It 
should be further noted that, similar to the scattering bars of the present 

20 invention, anti-scattering bars are scalable to a specific design rule CD. This 
means, computer aided design (CAD) circuit layout generation may be easily 
modified to include an algorithm adding scattering and anti-scattering bars to 
the layout design. 

Although the present invention has been described in conjunction with 
25 certain embodiments, it is appreciated that the invention may be implemented in 
a variety of other ways. By way of example, the concept of the present 
invention is not strictly limited to semiconductor processes; it can be applied to 
any photolithographic processes. Consequently, it is to be understood that the 
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particular embodiments shown and described by way of illustration are in no 
way intended to be considered limiting. Reference to the details of these 
embodiments is not intended to limit the scope of the claims which themselves 
recite only those features regarded as essential to the invention. 

5 Thus, the present invention offers a simple solution for increasing DOF 

ranges for exposure tools utilizing off-axis illumination. 
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1 . In an apparatus utilized for optically transferring a lithographic 
pattern corresponding to an integrated circuit from a mask onto a semiconductor 
substrate, said pattern including a first type of feature having at least one edge 

5 that is relatively isolated from other edges in said pattern and a second type of 
feature having all edges in relative close proximity to said other edges in said 
pattern, said apparatus utilizing off-axis fflumination, wherein said off-axis 
mumination causes the depth of focus range of said second type of feature to be 
greater than the depth of focus range of said first type of feature, an improved 

10 mask comprising; 

a plurality of additional lines, wherein each of said additional lines 
corresponds to, and is disposed on said mask at a predetermined distance from 
said isolated edges wherein said width of said additional lines is selected such 
that said depth of focus range of said first type of feature is increased so that it 

15 approaches said depth of focus range of said second type of feature. 

2. The improvement of claim 1 wherein said plurality of additional 
lines have a width sufficiently narrow so as not to be transferred onto said 
substrate. 

3. The improvement of claim 2 wherein said first and second types 
20 of features have a certain minimum dimension and said width of said additional 

lines is approximately 30% - 50% of said certain minimum dimension. 

4. The improvement of claim 3 wherein said predetermined distance 
is approximately 90% of said certain minimum dimension. 

5 . The improvement of claim 4 wherein said off-axis illumination is 
25 a quadrapole-type of illumination. 
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6. The improvement of claim 4 wherein said off-axis illumination is 
an annular type of illumination. 

7. In a lithographical apparatus utilizing on-axis type illumination to 
transfer a pattern corresponding to an integrated circuit from a mask onto a 

5 semiconductor substrate, wherein said mask includes additional lines adjacent to 
isolated edges of isolated features to reduce proximity effects between said 
isolated features and densely packed features on said mask, a method for 
optimizing said mask for a lithographical apparatus utilizing off-axis type 
illumination such that DOF differentials and said proximity effects between said 
10 isolated and said densely packed features are reduced, said method comprising 
the steps of; 

placing said additional lines a distance from said isolated edges such that 
said edge gradients of said isolated edges are substantially matched to the edge 
gradients of said densely packed feature; 
15 then adjusting the width of said additional lines such that said width 

causes the DOF range of said isolated feature to approach the DOF range of 
said densely packed feature. 

8. The improvement of claim 7 wherein said width is sufficiently 
narrow so as not to be transferred onto said substrate. 

20 9. The improvement of claim 8 wherein said isolated and said 

densely packed features have a certain minimum dimension and said width of 
said additional lines is approximately 30% - 50% of said certain minimum 
dimension. 

10. The improvement of claim 9 wherein said predetermined distance 
25 is approximately 90% of said certain minimum dimension. 
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1 1 . The improvement of claim 10 wherein said off-axis illumination 
is a quadrapole type of illumination. 

12. The improvement of claim 10 wherein said off-axis illumination 
is an annular type of illumination. 

13. In an apparatus utilized for optically transferring a lithographic 
pattern corresponding to an integrated circuit from a mask onto a semiconductor 
substrate, said apparatus utilizing quadrapole-type illumination, said pattern 
including at least one feature, an improved mask comprising; 

an additional feature adjacent to and surrounding said at least one 
feature, said additional feature being disposed at a predetermined distance from 
all edges of said at least one feature and having the same transparency as said at 
least one feature, the width of said additional feature being selected such that 
the depth of focus of said at least one feature is increased. 

14. The improved mask in claim 13 wherein said width is sufficiently 
narrow so as not to be transferred onto said substrate. 

15. The improvement of claim 14 wherein said width is 
approximately equal to one-third of the on-axis illumination resolution limit of 
said apparatus. 

16. The improvement of claim 14 wherein said at least one feature 
has a certain minimum dimension and said predetermined distance is 
approximately equal to 90% of said minimum dimension. 

17. In an apparatus utilized for optically transferring a lithographic 
pattern corresponding to an integrated circuit from a mask onto a semiconductor 
substrate, said apparatus utilizing quadrapole type iUumination, said pattern 
including a first feature type and a second feature type, wherein said first and 
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said second feature types each have an associated DOF range, and wherein said 
DOF range of said first feature type is greater than said DOF range of said 
second feature type, an improved mask comprising; 

an additional feature disposed adjacent to and surrounding said 
5 second feature on said mask at a predetermined distance from all edges of said 
second feature, said additional feature having the same transparency as said 
second feature and the dimensions of said additional feature being selected such 
that said DOF of said second feature is increased such that it approaches said 
DOF of said first feature. 



10 18. The improvement of claim 17 wherein said additional feature has 

a width sufficiently narrow so as not to be transferred onto said substrate. 

19. The improvement of claim 18 wherein said width is 
approximately equal to one-third of the on-axis illumination resolution limit of 
said apparatus. 

15 20. The improvement of claim 19 wherein said first and second 

feature types have a certain minimum dimension and said predetermined 
distance is approximately equal to 90% of said minimum dimension. 

21. The improvement of claim 20 wherein said first feature type is 
relatively larger than said second feature type. 

20 22. The improvement of claim 21 wherein said first feature type is an 

elongated contact feature, and said second feature type is a square contact 
feature. 

23. In an apparatus utilized for optically transferring a lithographic 
pattern corresponding to an integrated circuit from a mask onto a semiconductor 
25 substrate, said apparatus utilizing quadrapole type illumination, said pattern 
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including a first feature type and a second feature type, wherein said first and 
said second feature types each have an associate intensity level and DOF, and 
wherein said intensity level and DOF of said first feature type is greater than 
said intensity level and DOF of said second feature type, a method for 
5 increasing intensity and DOF range for said second feature type: 

providing an additional feature on said mask, said feature being disposed 
adjacent to and surrounding said second feature type and having the same 
transparency as said first and second feature types; 

disposing said feature a distance from said second feature type such that 
10 said distance causes said intensity level of said second feature type to be 
substantially matched to said intensity level of said first feature type; and 

then adjusting the width of said additional feature such that said width 
causes the DOF range of said second feature to approach the DOF range of said 
first feature. 

15 24. The improvement of claim 23 wherein said additional feature has 

a width sufficiently narrow so as not to be transferred onto said substrate. 

25. The improvement of claim 24 wherein said width is 
approximately equal to one-third of the on-axis illumination resolution limit of 
said apparatus. 

20 26. The improvement of claim 25 wherein said first and second 

feature types have a certain minimum dimension and said predetermined 
. distance is approximately equal to 90% of said minimum dimension. 

27. The improvement of claim 26 wherein said first feature type is 
larger than said second feature type. 
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28. The improvement of claim 27 wherein said first feature type is an 
elongated contact feature, and said second feature type is a square contact 
feature. 
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On-axis Illumination 



Figure 2 

Off-axis Illumination 
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Figure 6A: Isolated feature 
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Figure 6C: Dense feature 
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Figure 6D: Scattered isolated Feature 
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Figure 6E: Scatterea Exterior feature of 
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